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SUMMARY 
The success of many emerging biotechnologies depends upon the ability to tune 
cell function to mimic conditions found in vivo.  Cells exhibit complex interactions with 
their surrounding environment known and the extracellular matrix (ECM).  These 
interactions control many cell functions such as proliferation, differentiation and cell 
death.  ECM components span the meso-, micro- and nano-length scales.  Successful 
biotechnologies therefore must also exhibit patterning over these length scales. 
 The objective of this study is to fabricate and analyze cell response to micro and 
nanopatterned polymer substrates.  Experiments examined cell alignment and 
proliferation to various substrates.  The substrates used featured micropatterned grooves 
and holes, micropatterned carbon nanotubes, and combinations of microgrooves and 
nanogrooves.  Results showed significant interactions between cell alignment and the 
patterned topography for all substrate types, while cell proliferation showed no 
significant dependence on these topographic parameters.  
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CHAPTER 1  
INTRODUCTION 
1.1 Introduction 
Emerging biotechnologies, biomaterials, and tissue engineering constructs face 
many obstacles before successful implementation.  One such challenge is how to 
fabricate an ex vivo construct to ellicit a specific cell response in vivo.  Cell responses are 
highly environment dependent so an accurate model of in vivo conditions is necessary for 
success.  This thesis presents methods for fabricating polymer cell substrates with 
complex patterns spanning multiple length scales to better understand cell response to 
environmental cues. 
 Cells exhibit highly sensitive interactions with the surrounding environment of 
topography and chemistry.  Many cell functions such as proliferation, differention and 
apoptosis are influenced from cues found in the extracellular matrix (ECM).  
Understanding these cues is necessary to direct a desired cell response.  Achieving a 
desired response will enhance the likelihood of successful biotechnologies.  Early work 
into cell response to patterned substrates showed that topography can influence cell 
orientation and growth[1,2].  These studies however focused solely on micropatterned 
substrates.  More recent work has been done to look at the effects of nanopatterned[3] 
and chemically patterned substrates[4,5].  Reviews of cell and surface topographic 
interactions are available which discuss the key aspects of the cellular responses[6,7].   
2       
 Investigations into cell responses to patterned substrates have been performed on 
a variety of materials[6].  The majority however utilize silicon, glass, or polymers.  Of 
these materials, polymers offer an easier and cheaper route to micro and nanopatterning.  
Silicon substrates can easily be manufactured using standard photolithography 
techniques.  These processes, however, require expensive equipment and rigorous 
protocols to achieve uniform patterns over many samples.  Substrates made of glass face 
similar processing issues.  Polymers however do not suffer from the same processing 
disadvantages.  Material properties of polymers can easily be tuned to a desired design.  
Polymers also have better biocompatibility with some already FDA approved for in vivo 
use making them attractive to future biotechnologies.  Most polymer substrates are 
fabricated using casting[8] or embossing processes[9].  Casting processes involve a liquid 
polymer poured onto a master, cured, and removed from the master.  Casting processes 
are limited to polymers that can be cured and released from a master.  Embossing or 
imprint lithography can be used with a wider range of polymers.  In this process a 
patterned master is brought into contact with a polymer substrate under heat and force.  
After cooling and removal of load, the master is removed leaving replicate features in the 
polymer.  Figure 1.1 shows a schematic of the hot embossing process, and Figure 1.2 
shows a typical silicon master and embossed feature replicate.  Many embossed replicates 
can be fabricated form a single patterned master, lowering the cost and processing time 
for many replicates.  Imprint lithography also has already shown the ability to fabricate 
features with millimeter scale down to 10 nm[10].  Many studies have successfully 
utilized embossed substrates for studies of cell response analysis.   
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Figure 1.1. Schematic of the hot embossing lithography process. 
 
 
Figure 1.2. Scanning electron micrographs of (left) silicon micromachined master and (right) embossed 
polymer replicate. 
This thesis describes the fabrication of polymer cell substrates and the analysis of 
cell response to these substrates.  The work centers on three types of substrates spanning 
the micro- and nano-length scales.  The first type of substrate consisted of micropatterned 
grooves and holes with spacings of 1 to 75 µm and depths of 1 and 5 µm.  All of the 
patterns were on a single substrate to limit sample variability and to conduct experiments 
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in a high-throughput fashion. Alignment and proliferation were analyzed on cells cultured 
on these substrates.  The second type of substrate featured micrpatterns of carbon 
nanotubes.  The nanotube features of lines and circles had spacings from 9 to 76 µm on a 
single substrate to analyze cell alignment to many different pattern types at once.  The 
final type of substrate used in this work had combinations of micropatterns and 
nanopatterns.  Microgrooves were first formed into polymer substrates followed by the 
fabrication of nanogrooves on top of the micomesas.  Samples were fabricated with 
nanogrooves in parallel and perpendicular to the microgrooves.  Cell alignment was 
tested to these substrates.  Results showed significant interactions between cell alignment 
and the patterned topography for all substrate types, while cell proliferation showed no 
significant interactions. 
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CHAPTER 2  
THE IMPACT OF CELL SUBSTRATE MICROTOPOGRAPHY ON 
CELL ALIGNMENT AND PROLIFERATION INVESTIGATED 
USING A HIGH THROUGHPUT CHIP 
This chapter reports the use of a high-throughput chip to study the impact of 
microtopography on osteoblast-like cell alignment and proliferation.  Topographic 
patterns on polymer substrates were fabricated using hot embossing to press the 
micropatterned features of a Ni master onto a polymer substrate at elevated temperature.  
The resulting 1x1 cm cell culture substrates contained 35 distinct micropatterns of 
grooves and holes, with characteristic feature sizes ranging from 1 to 75 µm.  The feature 
depths were either 1 or 5 µm.   Osteoblast-like cells were cultured on the chips and cell 
response was examined using fluorescence and electron microscopy.  The influence of 
the micropatterns on cell alignment and proliferation was quantified.  Cell alignment 
showed very strong responses to micropatterns with a maximum alignment to 
microgrooves of 94 ± 1.6%.  Cell proliferation, however, did not exhibit any significant 
dependence to the varying micropatterns.  The high-throughput technique developed here 
allows for cell response to be examined over many different patterns.  Overall, 64 
separate experiments were run on more than 12,000 cells on a single chip, indicating the 
usefulness of this high-throughput technique. 
7       
2.1  Introduction 
An understanding of cell-surface interactions is crucial for the advancement of 
biomaterials and biomedical devices, biotechnological platforms, and tissue engineered 
constructs.  Surfaces with microtopographies can have a large impact upon a number of 
cell functions.  This chapter presents a method to analyze cellular responses to 
microtopographies using a single chip that has 35 separate microtopographical regions.  
The alignment and proliferation of osteoblast-like cells are examined on the high-
throughput chip. 
 Cell function, including morphology and orientation of adherent cells, is 
influenced by the substrate upon which the cells are attached.  The size and shape of 
features present on the substrate can have a large impact on cells[1-4].  Many studies 
have shown cellular responses to microtopographies utilizing various materials such as 
silicon, glass, and polymers.  A review of cell and surface topographic interactions is 
available which discusses the key aspects of the cellular responses[3].  Of the substrate 
materials typically used, polymers are often desirable due to their lower cost, ease of 
processing, and tunable material properties.  Microtopographical cell substrates 
fabricated from silicon require a significant investment in time and machinery to fabricate 
a large number of substrates.  Microtopographical polymer substrates offer an easier and 
less expensive path to fabrication, since costly, complex machinery is not needed. 
Microtopography can be produced in a polymer cell substrate using either 
casting[5] or embossing[6].  Casting processes involve a liquid polymer poured onto a 
master, cured, and removed from the master.  This approach has been widely used to 
fabricate microtopographical cell substrates to study interactions between cells and the 
8       
patterned polymers[5,7-17].  By nature of the casting process, polymer choice is limited 
to polymers that once cured can be released from the master.  Embossing or imprint 
lithography, however, offers a wider range of materials as microtopographical features 
can be formed in nearly any thermoplastic polymer.  In embossing-based fabrication, a 
master template is brought into contact with a polymer layer under heat and force to 
create a negative of the master features.  This process can form features of sizes from less 
than 10 nm up to millimeter scale[18].  Imprint lithography has been used to fabricate cell 
culture substrates with low cost, high speed, and good repeatability[1,19,20]. 
 While previous studies have examined the impact of microtopography on cell 
functions, most are limited to a small number of patterns and sizes[2,5,7-17,21,22].  
Typically, between 1 and 6 patterns are tested in any one experiment.  Because the 
sample fabrication and analysis are serial in nature, usually 100-500 cells are tested in 
any one set of experiments, and rarely more than 1,000 cells are tested.  Furthermore, 
when single pattern substrates are used, there can be variability in the experiments from 
small changes in processing parameters during fabrication and differences in cell culture 
conditions.  A comprehensive analysis of cell response to topography requires a large 
range of pattern types and sizes, a large number of cells per pattern, and strict controls on 
substrate fabrication that limit variability.  The present chapter uses a single chip with 
many different patterns fabricated in parallel to minimize sample variability and 
comprehensively analyze a wide spectrum of patterns for cell alignment and proliferation. 
This chapter describes a method for creating micropatterns using imprint 
lithography[1,6] for high throughput cell analysis.  Polycarbonate (PC) substrate chips 
were fabricated with 35 distinct micropatterns with feature sizes ranging from 1 to 75 µm 
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and depths of 1 and 5 µm.  Of the 35 patterns present on the chip, 16 were utilized during 
this experiment.  Substrates were treated to create a uniform surface chemistry[23,24] and 
MC3T3-E1 osteoblast-like cells incubated for 20 hours.  Cells were examined with 
fluorescence and scanning electron microscopy for alignment and proliferation.  Results 
showed strong interactions between cellular alignment and topography but no significant 
interactions between proliferation and topography. 
2.2 Materials and Methods 
Hot embossing was used to fabricate substrates for cellular analysis.  The 
alignment and proliferation were analyzed on greater than 40 cells per field grown on 
microtopographies having holes and grooves, with feature sizes in the range of 5 to 75 
µm.  Fluorescence and scanning electron microscopy was used to analyze cell alignment, 
and BrdU incorporation was used as a measure of proliferation. 
2.2.1 Substrate Fabrication  
Polymer cell substrate microtopographies were formed using a hot embossing 
process as demonstrated by our group previously[1].  Figure 2.1 shows a schematic of 
this process in which a micropatterned master is brought into contact with a polymer 
layer with heat and force to produce relief microstructures.   
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Figure 2.1. Schematic of the hot embossing process.  A micromachined master is brought into contact with 
a polymer layer under heat and force.  The system is then cooled and the replicate removed from the 
master. 
Hot embossing was used because it can produce many polymer cell substrate 
replicates from one master.  Hot embossing replication is easier and costs less than 
traditional silicon micromachining processes alone.  The embossing masters were made 
of nickel and had micropatterns of lines and pillars with sizes ranging from 1 to 75 µm.  
Micropatterned features were formed in silicon using standard photolithography 
techniques and electroplated with nickel to create metal masters.  Figure 2.2 provides an 
overview of pattern types and sizes present on the high-throughput chip as well as the 
patterns used in this work.  The smallest pattern used was 5 µm followed by 7, 10, 15, 20, 
30, 40, 50 and 75 µm. For microgroove patterns, the pattern number is the groove and 
mesa width, while for hole features the pattern number is the diameter of the hole with a 
one-half the center-to-center distance.    
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Figure 2.2. Overview of patterns present on the high-throughput chip.  Chip includes 35 different patterns 
including a smooth surface for control measurements.  Of the 35 patterns present, the 16 used are listed.  
Patterns referenced to as “Lines” are used for microgroove analysis and those with “Holes” for microhole 
analysis. 
The polymer substrates were 0.5 mm thick polycarbonate (PC).  The embossing was 
performed in a pressure and temperature controlled press.  The press was heated to 166°C 
and the embossing stack inserted between the platens.  The stack consisted of the PC 
sheet and Ni master sandwiched between 2 metal plates resting on a sheet of rubber to 
provide compliance.  This stack arrangement was used to evenly distribute the load 
during the embossing step. The stack was heated to temperature and pressed with loads of 
up to 19 MPa.  Samples were held at this temperature and pressure for one hour and then 
cooled to 37°C over ten minutes while under load.  Once cooled to room temperature, the 
load was released and the stack removed from the press.  The Ni master was removed 
leaving the micropatterned polymer replicate.   
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Substrate characterization was performed via optical and electron microscopy.  
Figure 2.3 shows an overview of the embossed chip as well as optical micrographs 
showing regions where multiple patterns of different sizes meet.   
 
 
Figure 2.3. Image of embossed high-throughput sample. (A) and (B) images are optical micrographs 
showing embossed patterns in close proximity to each other (scale bars equal to 100 µm). 
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SEM analysis was also performed to verify feature spacing as well as depth.  
Figure 2.4 shows SEMs of 1 and 5 µm deep features.  Pattern spacing was verified using 
measurement tools within the SEM.  Feature depth had been previously tested by using 
profilometry and interferometry on the embossing masters and was consistent with depths 




Figure 2.4. Top Left: SEM of 10x10 µm pattern. Top Right:  SEM showing proximity of patterns on High-
Throughput chip.  Microfeatures are 5 µm deep.  Bottom Left:  SEM of embossed 1um deep holes in close 
proximity. Bottom Right:  SEM of 7x7 µm embossed hole pattern.  Scale bars for all micrographs equal to 
20 µm. 
2.2.2 Cell Culture 
Embossed samples were cut into square chips 1 cm on a side and coated with 
100Å thick Ti and 200Å thick Au using an electron-beam evaporator.  Samples were 
immersed in hexadecanethiol (HDT) and dried under a nitrogen stream for 15 seconds to 
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create uniform surface chemistry.  Next, samples were sterilized with three rinses in 95% 
ethanol and rinsed three times in PBS.  Samples were then incubated in fibronectin (20 
µg/mL in PBS) for 30 minutes as characterized previously[23,24].  After a 1 hour 
incubation in 1% heat denatured bovine serum albumin (BSA) at 37°C and 5% CO2, 
MC3T3-E1 osteoblast-like cells were seeded at a density of 50 cells/mm2.  Cells were 
cultured in α-minimal essential medium with 10% fetal bovine serum and 1% penicillin-
streptomycin and incubated at 37°C and 5% CO2 [1].  Once cells were seeded, the 
samples were either used for alignment, proliferation, or SEM analysis. 
2.2.3 Analysis  
For alignment analysis, after 20 hours in culture, cells were permeabilized in 
0.5% Triton X-100 cytoskeleton buffer (50 mM NaCl, 150 nM sucrose, 3mM MgCl2, 50 
mM tris(hydroxymethyl), 20 mg/mL aprotinin, and 1 mg/mL  leupeptin , and 1 mM 
phenylmethylsulfonyl fluoride with pH of 6.8) for 5 minutes and fixed with 3.7% 
formaldehyde in PBS for 2 min.  Samples were then blocked for 1-hour in 1% BSA.  
Next, samples were incubated in a primary antibody against fibronectin for 1 hour, rinsed 
twice in PBS, blocked in BSA for 10 minutes and followed with two more PBS rinses.  
Samples were incubated in secondary fluorochrome-labeled anti-IgG, rhodamine-
phalloidin and Hoechst DNA stain for 1 hour, rinsed as before and mounted on glass 
slides.  Samples were examined using a fluorescence microscope and processed using 
image analysis software.  Alignment was determined using alignment of the cell nucleus.  
Each nucleus was fitted with an ellipse and the angle of the major axis of the ellipse 
recorded.  Previous work has shown that the nuclear alignment angle is a good measure 
for overall cellular alignment[1].  After normalization to the micropattern angle, an 
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alignment angle ranging from 0-90° was obtained.  Aligned cells are those considered to 
be within 10° of the micropatterns present on the substrate.  
A proliferation assay was performed using BrdU.  This thymidine analogue is 
incorporated into DNA during the synthesis phase of the cell cycle and is commonly used 
to determine cell proliferation.  After 18 hours in culture, the normal culture media 
solution was replaced with a 3.1 µg/mL BrdU (Sigma) solution in culture media and 
incubated for an additional 4 hours.  After rinsing in PBS, the cultures were fixed in 70% 
ethanol at 4°C for 10 minutes and denatured in 4M HCl for 20 minutes.  The samples 
were then neutralized in 50 mM NaCl in 100 mM Tris-HCl (pH 7.4) for 15 minutes.  
Following rinsing in PBS, samples were incubated in 1% BSA for 30 minutes.  The 
primary antibody against BrdU was then applied and allowed to incubate for 1 hour 
followed by rinsing in PBS and incubation in BSA for ten minutes.  Samples were rinsed 
again with PBS and incubated in the secondary antibody of Alexa Fluor488-conjugated 
anti-mouse IgG and Hoechst DNA stain for 1 hour.  Samples were then rinsed and 
mounted to glass slides.  Analysis was performed using microscope equipped with 
fluorescence optics by scoring the number of BrdU positive cells over the total number of 
cell nuclei on a given sample.  This protocol was a modification from the procedure 
previously developed by our group[25]. 
For SEM preparation, samples were rinsed twice in PBS and then fixed in 2.5% 
glutaraldehyde in PBS for 30 minutes at 4°C, then dried using graded ethanol series 
(70%, 90% and 100% ethanol) for 30 minutes each.  Samples were then soaked twice in 
hexamethyldisilazane (HMDS) for 30 minutes each.  Samples were then left to dry 
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overnight in a dessicator before sputter coating in gold and examination in a LEO 1530 
SEM with an accelerating voltage of 3 kV. 
2.2.4 Statistics 
 Experiments for cell alignment on 1 and 5 µm deep features were conducted 
independently with n = 5.  Cell proliferation experiments were done independently as 
well with n = 3.  Results are reported as mean ± standard error of the mean.  Interactions 
were tested using a two-way ANOVA with depth and pattern as fixed variables using 
SYSTAT 8.0.  P-values less than 0.05 were considered significant. 
2.3 Results 
A number of papers have analyzed the effects of microtopographies on cell 
function[2,3].  These studies mainly look at a small number of surface patterns and 
depths.  The present work analyzes a large range of patterns and sizes on a single chip.  
The single chip approach enables identical culture conditions for the range of 
topographies examined, ensuring precise comparisons between fields resulting in a 
reduction in error. 
Cellular alignment was determined by comparing the alignment of the cell 
nucleus with respect to the substrate topographic patterns.   Figure 2.5 shows 
representative images of cell nuclei on a flat control surface and a microgroove patterned 
surface.   
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Figure 2.5. Osteoblast nucleus alignment on smooth control surface (top) and alignment on 7x7 µm 
patterned surface with a depth of 1 µm (bottom).  Arrows represents the direction of patterned lines.  Scale 
bars are equal to 50 µm 
The nuclei on the microgrooved surface exhibit similar orientation corresponding 
to the microgroove direction while on the smooth control surface a random orientation 
can be observed.  Aligned cells are those found to be within 10° of the reference angle 
determined by the mechanical grooves.  Figure 2.6 presents the fraction of aligned cells 
for varying feature patterns and depths.   
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Figure 2.6. Alignment of cells on varying spacings of micropatterned lines for both 1 and 5 µm deep 
features.  Top chart is for line patterns where the number is an AxA pattern spacing.  Bottom chart is for 
hole patterns where the number is the hole diameter and 2A is the center-to-center distance.  Error bars 
represent the standard deviation of each pattern type with n = 5. 
For 1 µm deep features, the peak percentage of aligned cells was 81 ± 2.1% while 
for 5 µm the peak was 94 ± 1.6%.   Pattern-dependent changes in alignment are observed 
on microgrooved patterns and not on the embossed hole patterns.  The fraction of aligned 
cells for both depths decreases as feature size increases.  This drop however is less 
pronounced in the 5 µm deep features as even for the 75 µm features the alignment in the 
deeper substrates is more than double that of the shallower samples. For the range of 5-75 
µm microgrooves, two-way ANOVA revealed highly significant effects for both pattern 
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(p = 7.21x10-12) and depth (p = 1.83x10-11).  Furthermore, a significant interaction effect 
for micropattern and depth was detected (p = 0.001).  No signifcant interactions were 
observed between microhole and alignment over the range of patterns and depths. 
Cell proliferation, determined by BrdU incorporation, was selected as a 
complementary outcome marker to alignment to examine the effects of microtopography 
on higher order cell functions.  Figure 2.7 shows the fraction of BrdU-positive cells on 
different patterns and depths.  No significant differences were observed in the fraction of 
proliferating cells over the entire range of patterns and depths.   
 
 
Figure 2.7. Proliferation on varying spacings of micropatterned lines for 1 and 5 µm deep features.  Top 
chart is for line patterns where the number is an AxA pattern spacing.  Bottom chart is for hole patterns 
where the number is the hole diameter and 2A is the center-to-center distance .  Error bars represent the 
standard deviation of each pattern type with n = 4. 
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2.4 Discussion 
This chapter demonstrates the use of a high-throughput chip to investigate cell 
response to micropatterns.  This chip features 35 distinct patterns of grooves and holes 
with dimensions from 1-75 µm.  16 of these patterns were used in the work with sizes 
ranging from 5-75 µm.  Figure 2.8 shows the transition between a 5x5 µm groove pattern 




Figure 2.8. (A) IF image of actin filaments stained with rhodamine-phalloidin showing transition between 
5x5 µm grooves (left) and 5 µm diameter holes (right) with a depth of 1 µm. (B) SEM image showing 
corresponding micropatterns to IF image.  Both scale bars are equal to 100 µm. 
21       
This image shows the advantages of using a multiple pattern chip as cell 
differences can be immediately observed. Cells on the microgroove pattern show strong 
alignment when compared to the microholes that show no alignment.  The SEM image is 
included to show the boundaries of the microfeatures.  The number of patterns present on 
the chip allows for testing a large range of responses while decreasing the number of 
samples needed.  This leads to less sample variation compared with experiments in which 
an individual sample is required for each pattern type. 
Using the high-throughput chip it is shown that both feature spacing and depth 
have significant effects on cell alignment, but these surface parameters did not affect 
proliferation in our model cell system.    Analysis shows that deep, narrow features have 
significantly higher cell alignment than that of shallow, wide features.  This result is 
likely due to the location of cell bodies on the patterned substrates.  For deep, narrow 
features the bulk of most cell bodies is centered within the microgrooves.  Figure 2.9 
shows cells within the microgrooved structure of a 5 µm deep feature as well as a cell 
body spanning multiple micropatterned grooves of a shallower feature.  
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Figure 2.9. Comparison SEMs showing morphology differences of cells on substrates with different depths.  
Top image shows limited spreading  of cells within a 5 µm deep grooves on a 5x5 µm pattern.  Bottom 
image is of cell spreading over multiple pattern mesas on a 1 µm deep 10x10 µm pattern.  Scale bar for top 
image is 10 µm and bottom image is 20 µm. 
Cells on deeper grooves tend to span fewer grooves than those on shallower 
grooves.  Cells on deeper grooves also appear to have the majority of the cell body within 
a microgroove. With less space to move around, cells on deep features may have less 
ability to spread.  The lack of spreading could influence how the cell orients within the 
microgroove.  The alignment results presented are similar to previous studies[1,7,9,26].  
This work however presents the ability to test cell response to many different patterns on 
a single chip in an effort to lessen sample variability. 
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 While the micropatterns heavily influenced cell alignment, they do not have a 
significant impact on cell proliferation.  The fraction of cells that tested positive for BrdU 
incorporation remained nearly constant for all patterns and depths.  The confinement of 
cells within a microgroove may be one reason why no significant differences in 
proliferation were observed.  .  Previous studies have shown that micropatterns have no 
effect upon proliferation[17,22] while others have shown a general decrease in 
proliferation from control when cells are cultured on micro and nanopatterns[21,27].  
These studies however utilized different pattern types and fabrication methods which can 
impact the surface chemistry of the substrate. They also use different cell models than 
described in the present work.  These methods may account for differences observed. 
2.5 Conclusion 
This chapter reports the use of a high-throughput chip design to study the impact 
that mciropattern spacing, type, and depth has upon cell function.  A single chip that 
featured 35 different micropatterns was fabricated using hot embossing and used in 
parallel to limit sample variability.  Each chip had a well defined, consistent surface 
chemistry that further reduced sample variability.  Results for the influence of 
micropatterns on cell alignment and proliferation were consistent with previous studies.  
While strong interactions were determined for cellular alignment to microfeatures, 
interactions between samples and cell proliferation were not significant.  This work 
however makes use of a single chip design that allows for less variability amongst 
samples as well as a quicker fabrication time as fewer samples are required.  This 
technique allows for a wider range of surface interactions to be tested at one time.  A 
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greater understanding of how cells respond to patterned substrates will assist with the 
development of many biotechnologies. 
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CHAPTER 3  
POLYMER CELL CULTURE SUBSTRATES WITH 
MICROPATTERNED CARBON NANOTUBES 
This chapter presents study of the interactions between cells and micropatterned 
carbon nanotubes on a polymer cell culture substrate.  The polymer substrates with 
patterned carbon nanotubes were fabricated using an imprint process, whereby the 
nanotubes were pressed into a polymer layer at high temperature.  The patterned 
substrates featured 28 different nanotube patterns of microscale lanes and circles, where 
the feature sizes ranged from 9 to 76 µm.  Osteoblast-like cells were seeded on the 
substrates and cell alignment was quantified via fluorescent and electron microscopy.  
Many patterns were fabricated on each polymer substrate, allowing 28 different 
experiments on each cell culture substrate, which tested over 10,000 cells.  The cell 
response to the patterned nanotubes showed a maximum alignment to the microlane 
patterns of 55 ± 6 % although no significant alignment to microcircle patterns.  This work 
enables the study of cell response to a wider range of patterns featuring both the micro 
and nano length scales. 
3.1 Introduction 
Cells interact with extracellular matrix (ECM) components spanning the 
millimeter, micrometer, and nanometer length scales.  The successful implementation of 
many emerging biotechnologies may require controlled presentation of synthetic 
28       
microscale and nanoscale features to simulate the in vivo environment.  This chapter 
reports on the fabrication of cell culture substrates having embedded carbon nanotubes, 
where the resulting substrates have combinations of microscale and nanoscale 
topographical features. 
 Adherent cells exhibit complex interactions with nearby surfaces.  Many cell 
functions such as alignment, proliferation and differentiation are sensitive to the 
surroundings[1-3].  It is now well known that cells respond to microscale and nanoscale 
topographical features that exist on a cell culture substrate[1,2,4-11].  These studies 
generally employ cell substrates made of glass, silicon and polymers.  Of these materials, 
polymers are an attractive material due to their ease of use and low cost.  Cell culture 
substrates formed from materials like silicon require significant capital equipment in 
order to form microtopographies.  The fabrication of nanometer-scale features using 
traditional silicon machining can be substantially more complex than the fabrication of 
micrometer-scale features.  Polymer materials offer an easier route to fabrication of 
complex substrates having micrometer and nanometer-scale features.   
Widespread interest in the properties of nanomaterials has motivated 
investigations of cell substrates based on nanofiber constructs[12-18].  These constructs 
are generally substrates with a full coverage of nanofibrous material such as carbon 
nanotubes.  These systems also are generally grown on silicon substrates, making them 
less attractive for in vivo systems compared to polymers.  Furthermore, while these 
nanopatterned surfaces are interesting model systems, they generally do not combine 
patterns of multiple length scales.  While a few published reports have described cell 
culture substrates having patterns with multiple length scales[18-20], much work remains 
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in understanding of cell responses to substrates having topographical patterns with 
multiple length scales.  To date, no paper has been published on cellular response to 
patterns of carbon nanotubes on polymer substrates.  This chapter presents a technique to 
fabricate polymer cell culture substrates having micropatterns of embedded carbon 
nanotubes, and analyzes the alignment of osteoblast-like cells to these patterns. 
3.2 Materials and Methods 
Hot embossing was used to fabricate polymer cell culture substrates having 
micropatterns of carbon nanotubes[21-24].  The alignment of MC3T3-E1 osteoblast-like 
cells was analyzed on microtopographies of lanes and circles formed from pressed carbon 
nanotubes.  Microlane and circle features ranged from 9 to 75 µm in width.  Fluorescence 
and scanning electron microscopy were used to analyze cell alignment to the patterns of 
carbon nanotubes. 
3.2.1 Substrate Fabrication   
Patterned carbon nanotube masters were combined with a hot embossing imprint 
lithography process to produce the polymer cell substrates.  Figure 3.1 shows a schematic 
of the carbon nanotube hot embossing process.   
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Figure 3.1. Schematic of carbon nanotube embossing process used to fabricate polymer cell culture 
substrates. Vertically aligned CNTs are grown on a Si wafer surface and brought into contact with a 
polymer substrate under heat and force.  Once cool, the master is removed leaving the polymer with 
embedded CNTs. 
The carbon nanotubes were synthesized on a silicon substrate having a thin layer 
of silicon dioxide and layer of micropatterned iron formed using standard 
microfabrication techniques.  The micropatterns consisted of lines and circles with sizes 
ranging from 1-75 µm on each substrate.  The masters also had nonpatterned, flat regions, 
or regions fully filled with nanotubes, to be used for control experiments.  To synthesize 
the carbon nanotubes, samples were placed in a furnace and heated to 700°C for 10 
minutes of argon flow at 1000 sccm, then at 2 minutes ethylene with at 700 sccm.  The 
nanotubes formed were vertically-aligned multi-wall nanotubes (MWNT) with an 
approximate diameter of 25 nm and height 4 µm.   Figure 3.2 shows the nanotubes grown 
on the silicon masters.   
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Figure 3.2. Scanning electron micrographs of vertically aligned CNTs grown on a Si wafer.  Nanotube 
height is approximately 4 µm. 
After CNT synthesis, hot embossing was used to transfer nanotube patterns onto a 
polymer layer.  Previously, hot embossing has been used to replicate microfabricated 
features into polymer layers[5] but has also been combined with CNTs to study flexible 
electronics[21,22].  The master template was placed in contact with a smooth 0.5 mm-
thick polycarbonate (PC) substrate, heated to 143°C, and embossed into the polymer with 
a pressure of 6.7 MPa for 5 minutes.  After cooling to room temperature, the load was 
released and the master removed from the substrate.  After the embossing step, samples 
were characterized using optical and scanning electron microscopy.   
3.2.2 Cell Culture  
The fabricated substrates were prepared for cell growth as follows.  The nanotube 
embossed samples were coated with 100Å Ti and 200Å Au using an electron-beam 
evaporator.  Samples were immersed in hexadecanethiol (HDT) and dried under nitrogen 
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stream to create uniform surface chemistry[25,26].  Next, samples were sterilized in 95% 
ethanol, rinsed in PBS and coated with fibronectin (20 µm/mL) for 30 minutes.  After 1-
hour of incubation in 1% heat denatured bovine serum albumin (BSA) at 37°C and 5% 
CO2, MC3T3-E1 osteoblast-like cells were seeded at a density of 50 cells/mm2.  Cells 
were cultured in α-minimal essential medium with 10% serum and 1% penicillin-
streptomycin.   
Samples were then prepared for analysis of cell alignment.  After 18 hours in 
culture, cells were permeablized in 0.5% Triton X-100 cytoskeleton buffer (50 mM NaCl, 
150 nM sucrose, 3mM MgCl2, 50 mM tris(hydroxymethyl), 20 µg/mL aprotinin, and 1 
µg/mL with pH of 6.8) for 5 minutes and fixed with 3.7% formaldehyde in PBS for 2 
min.  Samples were then incubated for 1-hour in BSA.  Next, samples were incubated in 
a primary antibody against fibronectin for 1-hour, rinsed twice in PBS, incubated in BSA 
for 10 minutes and followed with two more PBS rinses.  They were then incubated in 
secondary fluorochrome labeled anti-IgG, rhodamine-phalloidin and Hoechst DNA stain 
for 1 hour, rinsed as before and mounted on glass slides.  Samples were examined using a 
fluorescent microscope and processed using image processing software.   
3.2.3 Analysis 
Cellular alignment was determined by fitting an ellipse to cell nuclei, as this has 
previously been shown to be appropriate for measuring overall cell alignment[5].  The 
angle of the major axis of the ellipse was normalized to a reference angle determined by 
the angle of patterned nanotube features, resulting in an angle measurement from 0-90° 
with angles less than or equal to 10° considered aligned.  For SEM preparation, samples 
were rinsed twice in PBS and then fixed in 2.5% glutaraldehyde in PBS for 30 minutes at 
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4°C.  Following two more rinses in PBS, samples were dehydrated in increasing 
concentrations of ethanol (70%, 90% and 100%) for 30 minutes each.  Samples were then 
soaked twice in hexamethyldisilazane (HMDS) for 30 minutes each.  Samples were then 
left to dry overnight in a desiccator before in SEM.   
3.2.4 Statistics 
Experiments for cell alignment were conducted independently with a minimum of 
n = 4.  Results are reported as mean ± standard error of the mean.  Interactions were 
tested using an ANOVA with pattern as the fixed variable using SYSTAT 8.0.  P-values 
less than 0.05 were considered significant. 
3.3 Results and Discussion 
The fabricated polymer-nanotube substrates were characterized using SEM and 
optical microscopy.  Figure 3.3 shows the polymer substrate having the micropatterned 
nanotubes, where the nanotube height was 4 µm.   
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Figure 3.3. Picture showing high throughput chip layout.  Each chip contains multiple patterns for high 
throughput analysis.  Expanded images are optical micrographs showing CNT line patterns (A) and CNT 
dot patterns (B) in close proximity to each other. 
Good replication was achieved of the original patterns, although the embossed 
features are 1 to 2 µm wider than the master patterns, due to the height of the nanotubes.  
The patterns examined in this work had spacing of 9, 11.5, 16, 21, 31, 41, 51, and 76 µm.  
It is well known that surface topography can influence cellular alignment[1,2,5,7], and so 
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the height of the nanotubes on the polymer substrates was analyzed.    Figure 3.4 shows a 
typical profile of the embossed nanotube features, where the nanotubes are nearly flush 
with the nonpatterned polymer surface.  Overall it was observed that the embossed 




Figure 3.4. Scanning electron micrograph showing profile of embedded CNT features in the smooth 
polymer substrate.  Scale bar is equal to 1 µm. 
The cells were characterized on the micropatterned nanotubes using SEM and 
fluorescence microscopy.  Cell alignment was determined by the angle of the cell nucleus 
with respect to the patterned features, and confirmed by observation of the cell body.  
Nucleus alignment was determined by fitting an ellipse to the nucleus and measuring the 
angle to the major axis.  Figure 3.5 shows the fraction of aligned cells for each of the 
pattern types and spacings.   
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Figure 3.5. Summary of cell response to the CNT patterns.  The top graph shows alignment to 
micropatterned lines and bottom is alignment to micropatterned circles.  “Control” refers to nanotube free 
areas while “CNT” refers to a carbon nanotube filled zone.  Error bars indicate the standard error of the 
samples. 
The cells exhibited peak alignment to the patterned lines of 55 ± 6 % at feature 
spacings in the range 10 - 15 µm.  The cells exhibited no clear alignment on the circular 
nanotube patterns.  Control samples, which had either no nanotubes or complete fill of 
the nanotubes, were also taken for reference.  Using an ANOVA test, a significant cell 
interaction is seen for the line pattern (p = 9.13x10-12) but no significant interaction for 
the circles.  Cell bodies were analyzed to confirm the alignment determined from the cell 
nucleus.  By staining the actin cytoskeleton of the cell it was possible to observe the 
orientation of the cell body, which was done to confirm that the cell body was oriented in 
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the direction of the cell nucleus.  Figure 3.6 shows images of cell bodies on a flat control 
surface and a nanotube pattern of 15 µm lines.  The cells are randomly aligned on the 




Figure 3.6. Flouresence microscopy images showing (top) randomly aligned cell bodies on a flat control 
surface and (bottom) aligned cell bodies to a 16 x 14 µm CNT.  Arrows denote the direction of the 
patterned nanotube lines. 
 Previous studies of cell response to substrates having nanometer-scale features 
has been mostly limited to substrates having only nanoscale topography or roughness[6-
9,11,27-29], and in general are few studies that investigate micropatterns of 
nanostructures.  Some research has investigated nanometer-scale topographical patterns 
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combined with micron-scale chemical domains[20].  There are however few published 
reports that investigate the combination of both micro and nanoscale mechanical 
topographies.  In the present study, hot embossing is used to manufacture fabricate 
micron-scale patterns of carbon nanotubes into polymer cell substrates.  The resulting 
substrates have 28 different pattern types consisting of nanoscale patterns over well 
defined micron-scale features.  Significant interactions were observed between pattern 
type and cell alignment.  Since the substrate exhibits little vertical topography, the cell 
alignment is most likely due to interactions with the nanometer-scale roughness presented 
by the patterned nanotubes.  Figure 3.7 shows a cell on a flat control surface, where a few 
cell extensions can be seen.  In comparison, Figure 3.8 shows a cell on a patterned carbon 




Figure 3.7. Scanning electron micrograph of cell on flat polymer substrate.  Cell has low number of cell 
extensions interacting with the flat surface.  Scale bar equal to 10 um. 




Figure 3.8. Scanning electron micrographs showing a single cell on embossed CNT lanes.  Expanded image 
shows the increased interactions between cell extensions and CNT patterns.  Top image has a scale bar of 
10 µm and the bottom image has a scale bar of 4 µm. 
The presence of many cell extensions on the patterns of nanotubes is consistent 
with the observed cell alignment, as cell extensions are responsible for cell movement 
and surface sensing.  The increase of extensions could be due to a preferential adhesion to 
the nanopatterns over flat surfaces, which has been observed in other studies[18].  Other 
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studies have shown an increase in small adhesive point contacts to nanotubes[12] as well 
as morphological changes that can affect cell function[17].   
 For micro- or nano-fabricated cell substrates to have biomedical application, a 
major challenge will be biocompatibility.  While long-term biocompatibility of carbon 
materials is still being researched[30-34], polymer substrates may offer advantages over 
silicon substrates. 
3.4 Conclusion 
This chapter reports the fabrication of polymer cell culture substrates having 
patterns of embedded carbon nanotubes, and the alignment of osteoblast cells to those 
surfaces.  The experimental platform was a single chip having 28 different patterns of 
embedded carbon nanotubes, where a consistent surface chemistry was achieved on each 
sample to limit sample variability.  Significant cell alignment was observed on the 
nanotube line features, while no interaction was observed between the nanotube circles 
and cell alignment.  This work shows the potential to use carbon nanotubes to present 
combined microscale and nanoscale patterns on polymer cell culture substrates.   
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CHAPTER 4  
NANOIMPRINT FABRICATION OF POLYMER CELL 
SUBSTRATES HAVING COMBINED MICROMETER-SCALE AND 
NANOMETER-SCALE TOPOGRAPHY 
This chapter reports the fabrication of polymer cell culture substrates having 
combined micrometer-scale and nanometer-scale topography.  The substrates were 
fabricated using two embossing steps, where the large features were formed in the first 
emboss and then the smaller features were formed in the second.  The first emboss 
produced grooves of width either 2 or 10 µm, while the second emboss produced grooves 
50 nm wide on a 150 nm pitch.  The 50 nm grooves were either parallel to or 
perpendicular to the microgrooves.  Osteoblast-like cells were seeded onto the substrates 
and cell alignment analyzed using fluorescent and scanning electron microscopy.  There 
was a significant decrease in alignment for microfeatures with perpendicular nanofeatures 
compared to those with parallel nanofeatures.  This research enables cell response to be 
examined to complex combinations of micron-scale and nano-scale topography. 
4.1 Introduction 
The successful implementation of many emerging biotechnologies requires effort 
to mimic conditions found in vivo.  One such condition is to approximate cell interactions 
with extracellular matrix (ECM) components, which have mechanical and chemical 
features that span the millimeter, micrometer, and nanometer length scales[1,2].  
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Synthetic cell culture substrates must therefore be able to present to adherent cells 
topographical features having multiple length scales.  This chapter reports the fabrication 
of polymer cell culture substrates having both micrometer scale and nanometer scale 
topography, and analyzes the response of osteoblast-like cells to these substrates. 
 The fate of adherent cells depends upon the surfaces to which they are attached.  
Cell alignment, proliferation, and differentiation all depend upon surface 
characteristics[3-5].  Many studies have examined the cell response to surfaces having 
patterned features[1,6-13].  In general, the substrates used in these studies are fabricated 
from silicon, glass, or polymers.  Of these materials, polymers offer the lowest cost and 
ease of use for fabrication of substrates with complex patterns over multiple length 
scales.  While traditional microfabrication processes can easily be used to make micron-
scale features, nanometer-scale features are somewhat more difficult to produce in silicon 
or glass.  Electron beam lithography can be used for nanopatterning but is expensive and 
time consuming, particularly if many samples are required.  Molding and other 
replication technologies can be used to fabricate either micron-scale or nanometer-scale 
features into polymer substrates with high throughput and low cost compared to electron-
beam lithography[7,14,15].  Polymer cell substrates are also attractive as polymer 
properties are tunable to the desired application and many can be used in vivo[16]. 
 While many studies have examined cell response to micrometer-scale features and 
nanometer-scale features, very few have investigated combinations of these length scales.  
Studies that explore combinations of topographical length scales have shown cell 
response to patterned carbon nanotubes[17] and the addition of chemical microdomains 
to nanogrooves substrates[15].  Embossing is one of the preferred routes to achieving 
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multiple length scales[18,19], however the cell response to such patterns has not been 
reported.  This chapter uses nanoimprint lithography to fabricate polymer cell substrates 
having both micron-scale and nanometer-scale features and analyzes the cell response to 
these complex patterns.  
4.2 Materials and Methods 
4.2.1 Substrate Fabrication 
 Multiple hot embossing steps[7] were used to form the cell substrate surface 
topography to have both micron-scale and nanometer-scale surface features[18,19].  
Figure 4.1 shows a schematic of hot embossing in which a template is pressed into a 




Figure 4.1. Schematic of the hot embossing process.  In this process a silicon micromachined master is 
brought into contact with a polymer layer under heat and force.  After the desired embossing time, the mold 
is cooled and removed leaving replicate features in the polymer substrate. 
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The master templates used to form the micron-scale features were fabricated from 
silicon using standard photolithography and etching techniques.  The templates had 
microgroove patterns either 2 µm grooves on 4 µm pitch, or 10 µm grooves on 20 µm 
pitch.  The polymer substrates were 0.5 mm thick polycarbonate (PC) and the embossing 
was performed in a pressure and temperature controlled press.  The press was heated to 
166°C and the load was 19 MPa.  The temperature and load were maintained for one hour 
before being cooled to room temperature for ten minutes under load.  The embossing 
duration, temperature, and load used selected using our previously established techniques 
to ensure that no residual stress remained in the polymer substrate[20-22].  Once cooled 
to room temperature, the load was released, and the silicon master was removed leaving 
the micropatterned polymer replicate. 
 A second embossing process was used to form 50 nm grooves on top of the 
micron-scale grooves.  The master used in this second embossing step was a nickel 
master with nanogroove patterns.  The embossing temperature was 120°C and the load 
was 27 MPa for 20 minutes.  Figure 4.2 shows the second embossing step.  The 
nanogrooves were orientated either parallel or perpendicular to the microgrooves.   
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Figure 4.2. Schematic of the second embossing.  A nanopatterned nickel master is brought into contact with 
the micropatterned polymer under lower temperature and higher pressure than the previous embossing 
process.  The mold is than cooled and removed from the substrate leaving nanogrooves on the micromesas. 
Substrates were characterized using scanning electron microscopy (SEM) and 
atomic force microscopy.  Figure 4.3 shows embossed samples with nanogrooves running 
parallel and perpendicular to the microgroove structures.  The microgroove depth was 
300 nm while the nanogroove depth was 60 nm.  The micromesa width increased by 
about 0.25 µm after the second embossing process.  Nanogrooves were 50 nm wide on a 
150 nm pitch.  To fabricate control samples, a flat silicon wafer performed the second 
embossing step, which produced a polymer surface identical to the experimental samples, 
without the nanogrooves.   
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Figure 4.3. Scanning electron micrographs of double embossed substrates.  Top image shows nanogrooves 
on the micromesas running parallel to the microgrooves.  Bottom image shows nanogrooves running 
perpendicular to the microgrooves. 
4.2.2 Cell Culture 
 Finished substrates were coated with 100 Å Ti and 200 Å Au using an electron 
beam evaporator.  The substrates were treated to create a uniform surface chemistry by 
immersing in hexadecanethiol (HDT) and drying under a nitrogen stream for 15 seconds.  
Samples were then sterilized using 95% ethanol and rinsed with PBS.  Next, the samples 
were coated with in fibronectin (20 µg/mL in PBS) for 30 minutes followed by an 
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incubation in 1% heat denatured bovine serum albumin (BSA) at 37°C and 5% CO2 for 1 
hour[23,24].  MC3T3-E1 osteoblast-like cells were then seeded onto the substrates at a 
density of 50 cells/mm2.  Cells were cultured in α-minimal essential medium with 10% 
fetal bovine serum and 1% penicillin-streptomycin and incubated at 37°C and 5% 
CO2[7].   
Samples were then prepared for analysis of cell alignment.  After 18 hours in 
culture, cells were permeablized in 0.5% Triton X-100 cytoskeleton buffer (50 mM NaCl, 
150 nM sucrose, 3mM MgCl2, 50 mM tris(hydroxymethyl), 20 µg/mL aprotinin, and 1 
µg/mL with pH of 6.8) for 5 minutes and fixed with 3.7% formaldehyde in PBS for 2 
min.  After a 1-hour incubation in BSA, the samples were incubated in a primary 
antibody against fibronectin for 1-hour, rinsed twice in PBS, blocked in BSA for 10 
minutes and rinsed again with a PBS rinse to prevent non-specific secondary absorption.  
Samples were next incubated in a secondary fluorochrome labeled anti-IgG, rhodamine-
phalloidin and Hoechst DNA stain for 1 hour, rinsed as before and mounted on glass 
slides.   
4.2.3 Analysis 
Fluorescent microscopy and image processing software analyzed cell alignment, 
which was determined by fitting an ellipse to the cell nucleus.  The nucleus is a good 
indication of overall cell alignment[7].  The cell body was also observed to confirm the 
nucleus alignment.  The cell orientation was referenced to the microgroove orientation, 
resulting in an angle 0-90°.  Cells with alignment angles less than or equal to 10° were 
considered aligned to the microgrooves.  Experiments were conducted independently 
with a minimum of n = 3.  Alignment results are reported as mean ± standard error of the 
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mean.  Interactions were tested using an ANOVA with pattern type as the fixed variable 
using SYSTAT 8.0.  P-values less than 0.05 were considered significant. 
 For SEM preparation, samples were removed from culture and rinsed twice in 
PBS then fixed in 2.5% glutaraldehyde in PBS for 30 minutes at 4°C.  Following another 
rinse in PBS, samples were dehydrated in increasing concentrations (70%, 90% and 
100%) of ethanol.  Samples were soaked twice in hexamethyldisilazane (HMDS) for 30 
minutes each.  Samples were left to dry overnight in a desiccator before use in SEM. 
4.3 Results and Discussion 
Figure 4.4 shows the alignment trends for cells on the fabricated substrates.  
Alignment to nanogrooves only and a flat control surface is also shown for reference.   
 
 
Figure 4.4. Alignment results for cells cultured on micrgrooves only, microgrooves with nanogrooves in 
parallel, and microgrooves with nanogrooves running perpendicular.  Results show alignment trends for 
microgroove spacings of 2 and 10 µm.  Alignment of cells on nanogrooves and a flat control surface is also 
shown for reference. 
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The alignment trends are similar for both the 2 and 10 µm wide features.  There is 
no significant difference between microgrooves with embossed flat mesas and those with 
nanogrooves running in parallel.  There is however a decrease in alignment seen on 
samples with microgrooves and nanogrooves in parallel.  This decrease is nearly half of 
the aligned percentage observed on flat mesa samples.  Significant interactions were 
observed in both micropattern spacings.  For 2 µm spacing, ANOVA revealed a p-value 
equal to 4.11x10-3 and a p-value equal to 3.87x10-3 for 10 µm spacing.   
Most studies of cell response on nanometer scale patterns deal only with 
nanometer scale topography or roughness[1,13,25-29].  Very few studies have 
investigated micropatterns of nanometer scale topography or roughness.  The studies that 
have been performed have analyzed nanometer scale pattering with chemical 
microdomains[15] or patterns of carbon nanotubes[17].  This chapter presents the 
fabrication of cell substrates with nanometer patterning on well defined micro scale 
patterns.  Patterns such as these represent a more complex cell culture environment that 
may be able to better mimic in vivo conditions.  While the results show that cell 
alignment has a much stronger dependence on the microscale patterns that that of the 
nanopatterns, a significant decrease in alignment is observed when the nanogrooves run 
perpendicular to the microgrooves.  The drop in cell alignment may be attributed to the 
interactions between cell extensions on the perpendicular nanopatterns.  Figure 4.5 shows 
an IF image of osteoblast-like cells on a microgrooved surface with perpendicular 
nanogrooves.   
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Figure 4.5. IF image of cells on microgrooved surface with nanogrooves running perpendicular.  Cell 
extensions are visible running along the nanogrooves while cell bodies appear to be aligning to the 
microgrooves. 
While the overall cell body appears to align to the microgrooves, cell extensions 
are visible running perpendicular to the microgrooves along the nanogrooves.  These 
extensions may be sensing the nanogrooves and affecting the overall cell position.  
Previous studies have examined the extent of filipodia sensing down to 10 nm[26].  SEM 
was also used to investigate the cell extensions on the nanogrooves.  Figure 4.6 shows 
cell body with an extension running along the nanogrooves.   
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Figure 4.6. SEM image of cell on microgrooves with nanogrooves running perpendicular.  Cell extension is 
seen extending out from the cell body and running along the nanogrooves.  Extension also spans groove 
with no nanopattern to mesa with nanopatterning. 
The extension runs along the nanogrooves and spans a microgroove to continue 
along the nanogrooves.  While cell alignment remains nearly constant for samples with 
flat micromesas and those with nanogrooves in parallel, a significant interaction exists 
when the nanogrooves are in perpendicular.  The cell sensing elements interacting with 
these perpendicular nanogrooves may be the cause of the reduced alignment. 
4.4 Conclusion 
This chapter reports the development and fabrication of polymer substrates with 
combined micrometer-scale and nanometer-scale topography, and explores the response 
of Osteoblast-like cells to those patterns.  The experiments were conduced on two 
different microgroove spacings with nanogrooves running parallel and perpendicular to 
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the microgrooves.  Samples were treated to obtain a uniform surface chemistry to limit 
sample variability.  Significant differences in cell alignment were observed between 
samples with nanogrooves running parallel and those running perpendicular.  This work 
presents a technique to fabricate cell substrates with increased pattern complexity to 
further understand the interactions between cell response and patterning. 
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CHAPTER 5  
CONCLUSION AND FUTURE WORK 
5.1 Conclusions 
This study seeks to further understand cell response to topographically patterned 
polymer substrates.  Three types of polymer substrates were fabricated using hot 
embossing and nanoimprint lithography.  Cells were cultured on these substrates and cell 
response observed and quantified.  Cell alignment was investigated for all substrates and 
cell proliferation observed for high-throughput substrates.  Results showed significant 
cell-surface interactions for all substrate types.   This work analyzes cell response to 
patterned substrates to further examine and understand cell-surface interactions 
 The first type of substrate examined was the high-throughput chip.  This substrate 
featured 35 distinct patterns of grooves and holes with spacing ranging from 1 to 75 µm.  
A pattern-free, flat control zone was also on the chip for reference measurements.  
Substrates were fabricated with feature depths of 1 and 5 µm.  Results showed a strong 
dependence upon feature spacing and cell alignment.  Smaller spacings showed higher 
cell alignment than wider spacings.  The results also showed significant interactions 
between feature depth and alignment with deeper features having greater alignment for a 
given microfeature spacing.  Cell proliferation showed no interactions to either feature 
spacing or feature depth.   
 The next type of substrate used featured patterned carbon nanotubes.  This 
substrate had carbon nanotube patterns of lines and circles with feature dimensions 
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ranging from 9 to 76 µm.  Cellular alignment was examined on these substrates with 
significant interactions observed between feature spacing and alignment.  SEM analysis 
also revealed large concentrations of cell extensions interacting with the nanotube 
patterns.  As seen with the high-throughput substrates, cell alignment was stronger at 
smaller feature spacings. 
 The third type of substrate used in this work featured combined patterns of micro 
and nanotopography.  These substrates were formed using two embossing steps.  The first 
formed the microgroove topography.  The second step used nanoimprint lithography to 
form nanogrooves on top of the previously formed micromesas.  The nanogrooves ran 
both parallel and perpendicular to the microgrooves.  Results for cell alignment on these 
substrates showed a significant decrease in alignment on patterns of microgrooves with 
nanogrooves perpendicular.  SEM and IF analysis of these samples showed cell 
extensions moving along the nanogrooves and spanning groove space between sets of 
nanopatterns.   
 This work focused in the fabrication of polymer substrates to analyze cell-surface 
interactions.  Substrates ranged from microscale patterning to complex patterns of micro 
and nanotopographies.  Significant interactions were observed in all pattern types 
examined.  The overall lesson seen in this work shows that feature depth plays a 
significant part in determining cell alignment.  While nanotopography can influence cell 
alignment, the maximum aligned cells were only half of what was observed on deep 
microgrooves.  While the nanopatterned substrates did not have large percentages of 
aligned cells, significant interactions were still detected.  This result is a positive step 
towards fabricating substrates with patterns over multiple length scales to illicit specific 
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cell responses.  While these systems do not exhibit patterning as complex as that seen in 
vivo they do provide simple model systems to test cell response.  Substrates such as these 
may enhance the ability to tune cell response for future applications in many 
biotechnologies. 
5.2 Suggestions for Future Work 
Suggestions for future work focus on increasing the complexity of the model 
systems used.  Both the substrates and cell model could be changed to further examine 
cell response.  The carbon nanotube substrates used in this work had negligible depth.  
Future work could focus on partnering the CNT patterning with regular imprint 
lithography.  These substrates could feature carbon nanotube patterns at the bottom of 
microgrooves or on top of micromesas.  This would add another dimension to be 
examined.  The increased number of cell extensions seen on the CNT substrates may 
guide cell response differently if the patterns are located within a deep groove. 
 Another avenue for future work to explore is the expansion of pattern size 
substrates with micro and nanopatterning.  This work focused on only one spacing and 
type of nanopattern.  With the advent of electron beam lithography, much more complex 
nanopatterns can be generated and used as embossing masters.  An interesting study 
would be look at a much larger range of microfeature type and spacing as well as 
different designs of nanopatterns beyond just grooves. 
 The cell model used could also be improved to look at more advanced cell 
function such as differentiation and apoptosis.  While the cell model used can be used to 
test for proliferation, the time span of experiment may have affected results.  More 
63       
advanced cell models can test for higher order cell functions that may be affected using 
the substrates and fabrication methods talked about within this thesis.  In vivo testing is 
another avenue for future work.  As the overall goal of emerging biotechnologies is the 
successful incorporation of the an implant into the body, in vivo testing is crucial to 
examine cell response as compared to in vitro conditions.  The in vivo response will 
ultimately be the determining factor for a successful biotechnology. 
 
 
 
 
 
